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ABSTRACT 

Lorentz air-broadened half widths, pressure-induced shifts and their temperature 
dependences have been measured for over 430 transitions (allowed and forbidden) in the V 4 band 
of 12 CH 4 over the temperature range 210 to 314 K. A multispectrum non linear least squares 
fitting technique was used to simultaneously fit a large number of high-resolution (0.006 to 0.01 
cm" 1 ) absorption spectra of pure methane and mixtures of methane diluted with dry air. Line 
mixing was detected for pairs of A-, E-, and F-species transitions in the P- and R-branch 
manifolds and quantified using the off-diagonal relaxation matrix elements formalism. The 
measured parameters are compared to air- and ^-broadened values reported in the literature for 
the v 4 and other bands. The dependence of the various spectral line parameters upon the 
tetrahedral symmetry species and rotational quantum numbers of the transitions is discussed. All 
data used in the present work were recorded using the McMath-Pierce Fourier transform 
spectrometer located at the National Solar Observatory on Kitt Peak. 
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1. INTRODUCTION 

Accurate measurements of methane air-broadened half width and air-induced pressure shift 
coefficients, and their temperature dependences, are crucial for accurate remote sensing of 
terrestrial and other planetary atmospheres. For many years investigators have performed 
measurements to characterize these parameters, but due to the complex nature of the methane 
spectrum it is quite challenging to obtain accurate measurements for all transitions. In particular, 
the pressure-induced shifts in the fundamental bands are difficult to measure since the 
magnitudes of the shifts are relatively small compared to those in the overtone and combination 
bands. Determining the temperature dependence of both the widths and pressure-induced shifts 
from laboratory spectra adds more complexity and difficulty to the analysis process. 
Sophisticated, modem experimental measurement and analysis techniques have been developed 
in the past several years to overcome these challenges. 

For over two decades our group has used the McMath-Pierce Fourier transform 
spectrometer (FTS) located on Kitt Peak, Arizona, to record high-resolution spectra of a number 
of molecular species, including CH 4 and its isotopologues. From a previous analysis of some of 
these FTS spectra, Smith et al.[l] have reported measurements of air- and ^-broadened half 
widths, pressure-induced shifts and their temperature dependences for approximately 150 
transitions in the v 4 band. The positions and relative intensities of those transitions were also 
determined. Numerous other studies of pressure broadening and pressure-induced shift 
coefficients in the vibration-rotation bands of methane broadened by air, N 2 , and O 2 are available 
in the literature [2-44], A number of studies of CH 4 line mixing have been reported [15,17,37,39- 
42,45-48], but only two [17,47] include the v 4 band. 

The present study was initiated to extend the measurements reported in Ref. [ 1 ] to higher J 
values in the v 4 band and to retrieve more accurate values of the broadening and shift coefficients 
and their temperature dependences by using a modified multispectrum fitting algorithm. In the 
previous study [1] each spectrum was fitted separately, and the final results for the various 
spectral line parameters were obtained by fitting the individually retrieved values to the expected 
relationships of half width or shift vs. pressure and temperature. In the present work we 
simultaneously fitted a large number of spectra obtained at different physical conditions (sample 
pressures, absorption path lengths, gas temperatures) using a multispectrum technique [49] to 
directly obtain a set of spectroscopic parameters consistent with all the spectra. In addition, we 
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also measured the line mixing coefficients (via the off-diagonal relaxation matrix formalism) 
between pairs of transitions involving a specific set of propensity rules as described by Pieroni et 
al. [46]. Pine and Gabard [42] have also used multispectrum fits in their study of line mixing in 
the Q branch of the V3 band of methane. However, the investigators in Ref. [42] used a different 
line mixing approximation to quantify the line mixing effects. 

In this paper results from the analysis of the V4 band of methane broadened with air at 
various sample temperatures in the 210to314K range are presented. A large number of spectra 
were fit simultaneously to retrieve precise experimental values of several line parameters 
including positions, intensities, broadening and shift coefficients, temperature dependences of 
half width and, pressure-shift coefficients. Methane and air were used as broadening gases and 
the self- and air-broadened spectra were analyzed simultaneously. Because of the large amount 
of line parameters retrieved, the results corresponding to self-broadening are reported in a 
separate article [50]. 

2. EXPERIMENTAL DETAILS 

The McMath-Pierce Fourier transform spectrometer (FTS) at the National Solar 
Observatory (NSO) on Kitt Peak was used to record the spectra. Unapodized resolutions of 0.006 
cm" 1 and 0.01 cm" 1 were used to record the low pressure methane spectra and pressure-broadened 
spectra, respectively. The experimental set up included a glower source, liquid helium cooled 
As-doped silicon detectors and a KC1 beam splitter. In the initial experiments perfonued several 
years ago [1], premixed samples of dilute high-purity natural CH4 in dry-air were used to collect 
the air-broadened data. In the more recent experiments, commercially purchased dry-air samples 
were mixed with high purity natural samples of CH4 to obtain the desired volume mixing ratios 
of methane in air. Similar to the previous study [1], the sample pressures and temperatures were 
monitored continually for each spectrum during the entire recording period (approximately an 
hour to 90 minutes depending upon the number of interferograms co-added for each spectrum). 
For most of the spectra the signal-to-noise ratios were -1000. The experimental conditions of 
the 60 spectra analyzed are listed in Table 1. Self-broadened CH4 spectra are included in this 
table because they were simultaneously analyzed with the air-broadened spectra. 

The absorption path lengths of the air-broadened spectra were between 5 cm and 150 cm, 
and all cold spectra were obtained using the 50 cm coolable cell described in Ref. [1]. A brief 
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description of the coolable cell is given here: the cell was designed and built at the NASA 
Langley Research Center and consists of a double-walled Pyrex glass tube with an internal 
diameter of 7.6 cm with approximately 0.5 cm spacing between the walls. KC1 windows were 
attached to the ends of the cell and the entire cell assembly was mounted inside a cylindrical 
aluminum chamber that was evacuated to prevent condensation when the inner cell is cooled. T- 
type thermocouples were attached at 8 different locations on the outside wall of the gas cell to 
monitor the sample temperatures. Chilled denatured ethanol is circulated through the space 
between the double walls of the cell to cool the gas mixtures. 

A compressed plot of an air-broadened methane spectrum in the 1 1 00 to 1 600-cm" 1 region 
is presented in Fig. 1. The methane-air mixture had a methane volume mixing ratio of -0.16, a 
total pressure of -256 torr, and a temperature of 294.2 K. The gas mixture was contained in a 50- 
cm absorption cell. Transitions belonging to both the V4 and V2 bands of 3 * * * * * * * * 12 CH4 are apparent in the 
spectrum as well as numerous water vapor lines, mostly belonging to the V2 band. 

Table 1 includes the spectra that were used in our previous investigation of the V4 band 
[1], Additional data recorded in recent years include self-broadened spectra recorded over a wide 
range of pressures and temperatures as well as air-broadened spectra with higher volume mixing 
ratios of methane to extend the previous measurements [ 1 ] to higher J values in both the P and R 
branches. Measurements for only P- and R-branch manifolds are reported here. Because of the 
congested and complex structure of the Q branch, the analysis is more difficult, and results for 
the Q branch will be reported in a later paper. 

3. DATA RETRIEVALS AND ANALYSIS 

The first step in the multispectrum analysis is to calibrate the wavenumber scales for all the 

spectra included in the fit, using the same reference standard. This procedure is important in 

order to retrieve precise line center positions and pressure-induced shifts. The spectra analyzed 

in this study were recorded during several experiments that took place over a period of nearly 

two decades, but all contained residual water vapor lines. Therefore we have used the positions 

of the V2 band water vapor lines to calibrate the wavenumber scales of all the spectra. Each of 

these water lines had a narrow component superimposed on a broad component. The narrow 

water vapor lines were due to the residual air (-0.01 to 0.03 torr) present inside the vacuum tank 

enclosing the FTS, and the broad water vapor features arose from the nitrogen purged optical 
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paths (at ambient pressure ~600 torr) between the source and the cell and also between the cell 
and the entrance aperture of the FTS. The position of the narrow component of each water vapor 
feature was used in calibrating the spectra. The depths of water vapor lines used in the 
calibration process varied from spectrum to spectrum because of the day-to-day differences in 
the residual water amounts in the FTS tank and in the nitrogen-purged optical paths. 

The multispectrum fitting technique allows us to simultaneously fit a number of spectra 
over a specified wavenumber interval. In some cases (mostly for linear molecules) an entire 
band can be fit using a broad wavenumber interval and all of the recorded spectra [51,52], 
Because of the complex nature of the methane spectra (Q branch, P and R manifolds, and the 
varying amounts of water vapor from one spectrum to another) only short spectral segments 5 to 
15 cm ’ 1 wide could be fit at a time using subsets of the entire group of spectra. The number of 
spectra included in each fit depended upon the depths of the methane absorption features. In the 
spectral regions containing high-J CH 4 transitions where the absorption is weak, the spectra 
recorded with short path lengths were not used. 

In the multispectrum fitting technique it was possible to retrieve simultaneously values for 
all the line parameters including values for the temperature dependences of half width and 
pressure-induced shift coefficients for both self- and air-broadening. Details of the analysis 
procedure are given in several of our previous studies [14,51,52], In the fitting algorithm the 
experimental spectra and the synthetic spectra are matched by minimizing the sum of the squares 
of the residuals between the two. This was achieved by adjusting the values of the various line 
parameters mentioned above. Eqs. (1-3) were used to determine the half widths and pressure 
shift coefficients, 


b L (p,T) = px 


b\ (air)(p 0 , T 0 ) x (1 - j) x 


T 


n\ 


+ b\ (self)(p Q , T 0 )xz 



n2 

T 

T 



v = v 0 + p\S\air){\ ~ x) + S\self)x\ 
S\T) = S°(T 0 ) + S'(T-T 0 ) 


( 1 ) 

( 2 ) 

( 3 ) 


In the above equations, bi and c)° represent pressure-broadened half width and pressure- 
induced shift coefficients, respectively (in cm ’ 1 atm " 1 at 296 K) at the reference pressure po ( I 
atm) and temperature To (296 K) of the broadening gas (either air or methane). b\, (p, T) is the 
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Lorentz half width (in cm' 1 ) of the spectral line at pressure p and temperature T, and x is the ratio 
of the partial pressure of methane to the total sample pressure in the cell. The temperature 
dependence exponents of air- and self- broadened half width coefficients are given by n\ and ti 2 , 
respectively and 5' corresponds to the temperature dependence coefficient of the pressure- 
induced line shift. 

The initial line list used in the analysis consisted of line positions, intensities, air- and 
self-broadened half width, air- and self-induced pressure-shift coefficients and the temperature 
dependence exponents for air-broadened half width coefficients. These values were taken from 
the HITRAN04 line parameters compilation [53]. In our initial line list the temperature 
dependence exponents for air- and self-broadened half widths, n i and « 2 , were assumed to be the 
same (i.e., n\) for a given transition. The n\ values given in the HITRAN04 database [53] range 
approximately between 0.63 and 0.80. The temperature dependence coefficients 5' of self- and 
air-induced pressure shifts were set to a default initial value of zero for all transitions. Line 
parameters for unmeasured transitions were held fixed to the values given in the HITRAN04 
database [53] or the initial default values as described above. 

While fitting certain spectral regions it became clear that we were not able to fit all the 
spectra to their noise levels, especially the spectra with higher sample pressures. The residuals 
between the experimental and calculated spectra indicated that there must be mixing occurring 
between certain pairs of transitions. These residuals could significantly be reduced by taking into 
account the line mixing effects in the least squares solutions and accordingly, the off diagonal 
relaxation matrix elements coefficients were introduced into the multispectrum fittings following 
the method developed by Levy et al. [54], The fitting of the mixed pairs was guided by the 
observed residuals and by the propensity rules for methane as outlined by Pieroni et al. [46]. 
Figure 2 shows an example of the residuals for spectra fitted without and with line mixing in the 
R(1 1) manifold of 12 CH 4 . 

Effects due to Dicke narrowing were not observed in our data because the resolution in the 
pressure-broadened spectra was -0.01 cm" 1 while the Doppler half widths of the transitions were 
-0.0021 cm" 1 . Neither the resolution nor the signal-to-noise ratios in our spectra were sufficient 
to determine the speed dependence parameters for the transitions observed. 
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4. RESULTS AND DISCUSSION 

The Appendix lists the measured air-broadened half width and air-induced shift 
coefficients, the temperature dependence exponents of air-broadened half width coefficients, and 
the temperature dependence of air-shift coefficients. The results in the Appendix are sorted in 
terms of \m\ where m equals -J for P transitions, J for Q transitions, and J + 1 for R transitions. 

The first column lists \m\, the second column denotes the type of transition (R, Q or P), and the 
third column lists the vibrational code (vb=3) used to identify the band. The next few columns 
list the upper and lower state quantum numbers J . , C (A1,A2, FI, F2, E ), and n (the prime 
denotes the upper state and the double prime denotes the lower state). The last five columns give 
the measured line position in cm' 1 , and the air-broadened half width, the temperature-dependence 
exponent of the half width, the air pressure-induced shift, and the temperature-dependence 
coefficient of the shift. The statistical uncertainties given in parentheses correspond to one 
standard deviation of uncertainty in the measured quantities in units of the last quoted digit. 

Mean values and standard deviations of the measured parameters for each \m\ and C" of the 
allowed transitions are listed in Table 2 for \m\ up to 9. The results for self-broadening are 
reported elsewhere [50]. 

An inspection of the values listed in the Appendix shows the high precision achieved in the 
retrieved air-broadened half width and shift parameters. By fitting a large number of spectra 
simultaneously the random errors such as those due to the noise levels of the spectra are 
minimized. In order to account for the absolute uncertainties in the retrieved parameters, errors in 
the measurements of experimental conditions must be accounted for. These errors include 
uncertainties in the measurements of gas pressures and temperatures, in the wavenumber 
calibration of the spectra, errors in the spectral line shapes used in the fits, and uncertainties in 
line parameters such as position, intensity, and widths which were fixed in the solution (for weak 
absorptions and for transitions whose parameters could not be retrieved due to severe overlap or 
blend). The determination of the magnitudes of all these errors is not trivial. The absolute one 
sigma standard deviations in our measured parameters are estimated to be 1 % in half width 
coefficients, 10-15% in pressure-induced shift coefficients, 10% in n and 20-50% in the 
temperature dependence coefficients of the pressure-induced shifts (S'), added to the errors listed 
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in the Appendix. The estimated errors for 8 ' are high because the range in the temperatures of the 
spectra is not large enough to retrieve accurate values for these parameters. 

We have obtained measurements for over 430 transitions (including the allowed and 
forbidden transitions) in the V 4 band of CH4, but it was not possible to determine all line 
parameters for each listed transition, particularly for the weakest lines and those that are 
overlapped by the numerous Q branch lines. The goal was to measure accurate parameters for as 
many lines as possible so that these results could be used to develop a reliable theoretical model. 
We may recall that the total number of transitions listed for the dyad region of methane in the 
HITRAN 2004 database [53,55] is 65,478. The difference between this total and the small 
number for which broadening and shift parameters have been measured illustrates the need to 
develop a reliable theoretical model to predict these parameters for unmeasured transitions. 

4.1 Air-broadened half widths and temperature dependences 

Figs. 3(a) and 3(b) illustrate the variation of bi° (air) and its temperature dependence 
exponent 11 as a function of m. In the figures the half width coefficients and temperature 
exponents are plotted using different symbols for A-, E- and F-species transitions. We observe in 
the present work, as has been noted in several previous methane studies, that for a given m, the 
smallest half width coefficients generally belong to E-species transitions. It is obvious that for 
each value of m there is a large range of measured air-broadened half width coefficient values; 
while we have examined the variation of the half widths with the upper and lower secondary 
quantum indices n ' and n" for a given \m\ and symmetry, no clear dependence on n ' or n" could 
be determined from our data. We also note that the larger half width coefficients appear to be 
associated with forbidden transitions. The largest measured air-broadened half width coefficient 
in the present work is -0.08 cm " 1 atm " 1 at 296 K corresponding to — |m|=5 and the smallest values 
of <0.02 cm " 1 atm " 1 at 296 K are obtained for |m|=16 — 20. 

In Figs. 4(a) and 4(b) the air-broadened half width coefficients and temperature exponents 
from the present work are compared to those measured in the previous study [1]. As in Fig. 3, 
the parameters are plotted as a function of m, but here the A-, E- and F-species transitions are not 
distinguished by different symbols. From Fig. 4 it is clear that the air-broadening and shift 
parameters were determined to much higher values of Jin the present work than in Ref. [1]. 

The ratio of the Ref. [1] value to the present-work value for the same transition is plotted in Figs. 
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4(c) and 4(d). The differences between the present and previous [1] air-broadened half width 
coefficients are less than ±2%, with a few exceptions. For the temperature exponents of the air- 
broadened half widths, the values obtained in the previous study [1] are, on average, 12% smaller 
than those obtained for the same transitions in the present work, and the differences are 
increasing with \m\. These differences between Ref. [1] and the present work that we see in Figs. 
4(c) and 4(d) are most likely related to the differences in analysis techniques and line shape 
models used in the two studies, already mentioned in Section 1 of this paper. 

Figs. 3(b) and 4(b) indicate that most values of n lie within the range of 0.75 to 1 .05 
throughout the range of \m \ measured. In Fig. 4(d) the ratios of n values from Ref. [1] to the 
present work show a large scatter. The retrieved values of n from the present work are, on 
average, 12% larger than those measured in Ref. [1], and the differences are larger for weaker 
transitions at higher \m\. The number of air-broadened spectra used in this study is more than 
twice that in Ref. [1], but the increased number of spectra should not produce such large 
differences in n. The CH4 volume mixing ratios in many of the air-broadened spectra used in this 
work are significantly higher than in Ref. [1], allowing absorption features that were fairly weak 
in the previous study to be measured more precisely in this work. This fact, combined with the 
inherent advantage of simultaneously fitting multiple spectra, results in more accurate 
determinations of the air-broadened half width coefficients and their temperature dependences in 
the present work. 

We have compared our air-broadened widths with other published air- broadening 
measurements in the V4 band, mainly the TDL studies of Malathy Devi et al. [12] and Varanasi 
and Chudamani [20,21], and found no differences larger than the uncertainties of the 
measurements. There are no published direct measurements of n values for air-broadened widths 
in the V4 band other than Ref. [1]. However, our n values for air-broadened widths are consistent 
with the N2-broadening n values from TDL measurements in the V4 band [7,20,21,43]. 

We have also compared our mean air-broadened half width coefficients in the V4 band 
(Table 2) to the mean air-broadened half width coefficients for transitions with the same lower 
state C" and n" in the V2+ V3 band [14], The mean values for each |m| are quite close (within ±1% 
or better) for \m\ values up to 11. Beyond \m\ = 10 or 1 1, there are fewer transitions in the two 
bands to compare and the values scatter slightly more than for lower values \m\. It should be 
noted that the upper state C' and n' and the vibrational code are different for the two bands. 



12 


Finally, referring back to Fig. 3(a) and (b) where the measured values of 6/°(air) and n (air) 
are plotted vs. m, as well as Table 2, we note that our results show a small positive correlation, 
such that larger n (air) values are associated with larger h/.°(air) values. A similar observation 
was made in an earlier study of air-broadening in the methane bands in the 2. 3 -pm region [10]. 

4.2 Air-induced shift coefficients and their temperature dependences 

The measured values of 8°(air) and 5 ' (air) are plotted in Figs. 3(c) and 3(d) as functions 
of m, and they are compared with the results of Ref [1] in Fig. 5. The majority of the measured 
air-shift coefficients listed in the Appendix show large scatter for each m value, and, as for the 
broadening coefficients, there is no obvious variation of the shift values with the quantum 
numbers C" and n". Most measured air shift coefficients range between -0.002 and -0.005 
cm ’atm 1 at 296K; the mean and standard deviation of all measured air shift coefficients is 
-0.0033 + 0.0022 cm ’atm 1 at 296K. We estimate that the error that could be introduced in the 
air-shift coefficients for the measured transitions by fixing the values of unmeasured transitions 
to 0.002 cm" ’atm" 1 at 296 K is insignificant. The plots in Figs. 3(c) and 3(d) and the mean values 
in Table 2 indicate that S°(air) becomes somewhat more negative as \m\ increases, but there is no 
discernable dependence of 5 ' (air) on |m|. We note that more negative air-induced shifts as |m| 
increases have also been observed in the octad region [14], particularly for the V1+V4 band. 

As we have done in Fig. 4 for air-broadened half width coefficients and their temperature 
dependences, in Fig. 5 we compare the previous [1] and present measurements of the air-induced 
shift coefficients and their temperature dependences in the V4 band. However, because of the 
small magnitudes and relatively large error bars of the 8° and 8 ' values, in Figs. 5(c) and (d), we 
show the differences between the previous [1] and present measurements rather than the ratios. 
The majority of the measured values of S' in the present work range between -0.25 x 10’ 5 and 
+0.5xl0’ 5 cm ’atm ’K"’ whereas in Ref. [1] the range of 8' was ~ +0.25 x 10‘ 5 cm ’atm ’K"’. This 
level of agreement in S' between the two studies is encouraging considering the small magnitude 
of this parameter and the two different analysis techniques used to determine the values. 

4.3 Off-Diagonal Relaxation Matrix Element Coefficients 

Collisional effects result in the transfer of intensity from some parts of the spectrum to 
others which consequently results in an interference effect between lines sometimes referred to 
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as “ collisional line mixing ’ ’ [54], This effect may be quantified using the relaxation matrix and 
the off-diagonal matrix elements to accurately represent the coupling between transition pairs. 
The spectral line profiles in the multispectrum fittings accounted for these effects using an 
asymmetric component (proportional to pressure) via the speed-dependent Voigt profile. 

Because the range in temperatures of the gas samples was limited in the present study, the 
temperature dependence exponents of the off-diagonal relaxation matrix element coefficients 
were fixed to the value 1 .0 (see Ref. [15]) and were not uniquely solved for. 

In mathematical formulation, the spectral profile I(co) may be written according to matrix 
form for any number of pressure induced profiles, N, as a function of the wavenumber co: 

/(<y)= X r ((D-(o 0 -z'W) _1 pX. (4) 

In Eq. (4) W represents the relaxation matrix and i is the imaginary number (defined as the 
square root of negative one). The diagonal elements of W are the sum of the Lorentz half width s 
and pressure-induced shift coefficient of a given transition. The symbol coo represents an N x N 
diagonal matrix whose diagonal elements correspond to zero pressure line positions and co is a 
similar N x N diagonal matrix in which the diagonal elements cojj of the matrix represents the 
wavenumber, p is a diagonal N x N density matrix and X T is the matrix transpose of the 1 x N 
matrix X defined as, 



The ratio of intensity to the number density given by Eq. (5) in the lower state corresponds to the 
j th spectral line. The off-diagonal matrix elements of W are connected by the detailed balance 
equation given below in Eq. (6) where k represents the other spectral line involved in the line 
coupling: 

^ ( 6 ) 

Pk 

Line mixing was detected in 57 pairs of transitions and measured using the off-diagonal 
relaxation matrix element (ORME) coefficients. We were able to determine the mixing 
parameters in /-manifolds of the P and R branches for 3 < \m\ < 1 8; pairs of transitions 
corresponding to all three symmetry species (A, E, F) were measured. The measured ORME 
coefficients (in cm" 1 atm" 1 at 296 K) determined for air mixing are listed in Table 3. 
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The ORME coefficients measured in this air-broadening study are plotted vs. m in Fig. 

7(a), and in Fig. 7(b) they are compared with measured air-broadened ORME coefficients for 
matching transitions in the V2+V3 band [15]. N 2 -broadened line mixing parameters from 
matching transitions in thev 3 band [37,40]. The two V 3 studies determined the line mixing 
coefficients using the Rosenkranz approximation [56]. Thev 3 values plotted in Fig. 7(b) are 
estimated from the Rosenkranz coefficients published in Refs. [37,40] and not strictly 
comparable with results obtained via the ORME formalism. Nevertheless, considering the 
absolute uncertainties of the experimentally-detennine mixing parameters, the agreement 
between corresponding pairs of transitions in various bands is quite good, and the ^-broadened 
mixing parameters are not substantially different from the air-broadening values. 

5. SUMMARY AND CONCLUSIONS 

Measurements of air-broadened half width and pressure-induced air shift coefficients and 
their temperature dependences for over 430 individual transitions in the V 4 band of 12 CH 4 have 
been obtained by analyzing up to 60 spectra simultaneously using a multispectnim fitting 
technique, thus extending the previous measurements [1] from J"=14 to J'= 20. The present study 
has increased the number of measured V 4 transitions from —150 [1] to over 430. The measured 
transitions in the present work also include a number of forbidden transitions. Comparisons of 
the present measurements of air-broadened width and pressure-induced shift coefficients and 
their variations with temperature show general agreement with results obtained in the previous 
study [1] using a spectnim-by-spectnun analysis method. Addition of high-abundance spectra, 
along with use of the multispectnim fitting technique for analysis, has made it possible not only 
to extend the previous measurements to much higher values of J but also to increase the 
precision and accuracy in the various measured parameters. 

Fine mixing coefficients using the off-diagonal relaxation matrix element fonnalism have 
also been measured in different pairs of transitions for a number of J manifolds of both the P- 
and R- branches in all three symmetry species. This study reports the first extensive 
measurements of line mixing at terrestrial atmospheric pressures in the V 4 fundamental band, 
using the off-diagonal relaxation matrix element coefficients. 

There is good general agreement among the line mixing measurements for air broadening 
from the present work with air broadening measurements in the V2+V3 band [15] and N 2 - 
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broadening results in the V 3 band [37,40]. Even though the spectra used in this work were 
recorded at various temperatures between 210 and 314 K, this temperature range was not 
significant enough to allow us to detennine reliable values for temperature dependence 
exponents of line mixing coefficients. One important point to note here is that it was envisioned 
[14,57] that the apparently random distribution of the pressure-induced shifts with rotational 
quantum numbers could be associated with possible line mixing effects neglected in the analysis. 
But this point could not be fully validated by the present work or by Ref. [15]. Fitting all the data 
simultaneously and taking into account the line mixing effects in the least squares fits did 
remove some of the scatter in the distribution of the measured pressure-induced shifts. More 
theoretical developments and possibly additional experimental studies may be required to 
unravel this point. 
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Table captions 

1 . Summary of experimental conditions of CH4 spectra 

2 . Mean air-broadened half width and pressure-induced shift coefficients and their 
temperature dependences for allowed P and R transitions in the V4 band of 12 CH4. 

3 . Off-diagonal relaxation matrix element (ORME) coefficients measured for air- 
broadening in the V4 band of 12 CH4. 

Appendix. Supplementary data 

Measured spectral line parameters for air-broadening in the methane V4 band sorted by | m 
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Figure captions 

1. An air-broadened methane spectrum in the 1 100 to 1600 cm ’ 1 spectral range. The spectrum 
was obtained with a methane volume mixing ratio of -0.16. The total pressure is -256 torr in a 
50-cm absorption path at 294.2 K. Transitions belonging to both the V 4 and the V 2 bands are 
visible, and the band centers are indicated on the plot. The broad feature near 1260 crn-1 is an 
artifact of the optics used to record the spectrum. The zero signal level is shown by a horizontal 
dashed line at the bottom of the plot. 

2. Observed spectra (lower panel) and residuals from a multispectrum fit without (upper panel) 
and with line mixing (middle panel) in the R(1 1) manifold of the 12 CH 4 V 4 band. This preliminary 
fit was performed on 1 5 room-temperature self- and air-broadened CH 4 spectra recorded with 
cell lengths of 0.00958, 0.250, and 1.50 m (see Table 1). The maximum total pressures were 
550.1 torr for air-broadening and 453.3 torr for self-broadening. The large residuals near 1364.4 
cm ’ 1 in the upper panel are due to strong mixing between the 12F2 1 <— 1 1F1 3 and 12F1 1 <— 

1 1F2 3 transitions. The smaller residuals between 1365 and 1367 cm ’ 1 are due to weaker mixing 
between the 12F2 2 <— 1 1F1 2 and 12F12<— 11F2 2 transitions. 

3. Measured air-broadened half width coefficients, bi° (a), temperature exponents of the widths 
(b), pressure-induced shifts (c), and temperature coefficients of the shifts (d) for the V 4 band of 
12 CH 4 broadened by air, all plotted as a function of m. Different symbols are used for the A-, E- 
and F-species transitions. Where error bars are not visible, they are smaller than the size of the 
symbols used. The plotted values are tabulated in the Appendix. 

4. Measured air- broadened half width coefficients (a) and temperature dependence exponents (b) 
compared with those from the previous study [ 1 ], and the ratios of air-broadened half width 
coefficients (c) and temperature dependence exponents (d) from Ref. [1] divided by values from 
present work, plotted as functions of m. The dashed horizontal lines in (c) and (d) correspond to 
a ratio of 1 .00. Where error bars are not visible, they are smaller than the size of the symbols 
used in the plot. 
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5. Measured air pressure-induced shift coefficients (a) and temperature dependences (b) 
compared with those from the previous study [1], and the differences of air- broadened shift 
coefficients (c) and temperature dependences (d) from the present work values, plotted as 
functions of m. The dashed horizontal lines in (c) and (d) correspond to zero difference. Where 
error bars are not visible, they are smaller than the size of the symbols used in the plot. 

6. Measured air-broadened half width coefficients (a), air half width temperature exponents (b), 
and air pressure-induced shifts (c) from the present work are plotted against the corresponding 
values listed in the HITRAN04 database [53]. 

7. Measured off-diagonal relaxation matrix element coefficients (in cm "'atm" 1 at 296 K), plotted 
vs. m. (a) Air- broadening values obtained in the present work, (b) Present work values 
compared with measured air- and ^-broadening values for matching transitions from other 
bands [15, 3 7, 40]. 
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Table(s) 


Table 1 

Summary of experimental conditions of the CH 4 spectra 


Temperature (K) 

Gas Mixture 

CH 4 Volume 
Mixing Ratio 

Path (m) 

Pressure 
Range (torr) 

Number 

of 

Spectra 

294.5 to 295.9 

ch 4 

1.0 

0.00958 

7.0-453.3 

5 

299.8 

ch 4 

1.0 

0.050 

0.90 

1 * 

313.1 to 313.7 

CH 4 in Air 

0.011 

0.050 

200.0-550.1 

5* 

303.5 

ch 4 

1.0 

0.250 

0.73 

1 

299.5 

CH 4 in Air 

0.011 

0.250 

50.2 - 425.6 

4 * 

295.8 

ch 4 

1.0 

1.50 

1.18 

1 * 

297.4 to 297.5 

CH 4 in Air 

0.0272 - 0.0275 

1.50 

199.6-425.0 

4 * 

275.1 

CH 4 in Air 

0.007 

0.500 

100.7-300.8 

3* 

257.6 to 256.9 

CH 4 in Air 

0.0042 

0.500 

141.1 -340.1 

3* 

240.1 to 239.7 

CH 4 in Air 

0.0043 

0.500 

140.6-338.3 

3* 

223.1 to 222.8 

CH 4 in Air 

0.0042 - 0.0044 

0.500 

140.9 - 340.7 

3* 

211.6 to 210.2 

CH 4 in Air 

0.0042 - 0.0044 

0.500 

140.1 -335.7 

4 * 

272.5 

ch 4 

1.0 

0.500 

301.0 

1 

272.5 to 272.4 

CH 4 in Air 

0.33 

0.500 

177.0-452.8 

3 

254.4 to 253.9 

ch 4 

1.0 

0.500 

209.0 - 645.0 

3 

254.0 

ch 4 

1.0 

0.500 

11.0 

1 

253.8 

CH 4 in Air 

0.304 

0.500 

229.1 -509.2 

2 

252.9 to 250.5 

CH 4 in Air 

0.16-0.30 

0.500 

140.2-520.1 

5 

240.7 to 240.6 

CH 4 in Air 

0.30-0.35 

0.500 

99.2 - 328.2 

3 

232.7 to 232.6 

ch 4 

1.0 

0.500 

128.5 - 370.5 

3 

232.6 

CH 4 in Air 

0.31 

0.500 

418.6 

1 

225.9 

ch 4 

1.0 

0.500 

643.0 

1 


Note: 760 torr = 1 atm = 101.325 kPa. 


* Spectra previously analyzed in Ref. [1]. 
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Table 2 

Mean air-broadened half width and pressure-induced shift coefficients and their 
temperature dependences for allowed P and R transitions in the V 4 band of 12 CH 4 


m 

Species 

Widths and 
std. dev. a 

tii and std. 
dev. b 

Shifts and 
std. dev. a 

S'xlO 4 and 
std. dev. c 

# lines 

1 

A 

0.0547(0) 

0.70(0) 

-0.0027(0) 

0.16(0) 

1 

2 

F 

0.0625(0) 

0.82(0) 

-0.0014(0) 

0 . 12 ( 0 ) 

1 

3 

E 

0.0560(0) 

0.80(0) 

-0.0016(0) 

0.16(0) 

1 

3 

A 

0.0608(0) 

0.77(0) 

-0.0029(0) 

0.23(0) 

1 

3 

F 

0.0659(9) 

0.84(1) 

-0.0020(4) 

0.16(11) 

2 

4 

E 

0.0583(0) 

0.77(0) 

-0.0034(0) 

0.18(0) 

1 

4 

A 

0.0609(38) 

0.78(2) 

- 0 . 0021 ( 6 ) 

0.06(12) 

2 

4 

F 

0.0656(24) 

0.81(5) 

-0.0023(9) 

0.18(9) 

4 

5 

E 

0.0541(0) 

0.74(0) 

- 0 . 0022 ( 0 ) 

0.09(0) 

1 

5 

A 

0.0593(0) 

0.81(0) 

- 0 . 0020 ( 0 ) 

0.25(0) 

1 

5 

F 

0.0640(22) 

0.81(3) 

- 0 . 0022 ( 6 ) 

0.11(9) 

5 

6 

E 

0.0562(38) 

0.73(1) 

-0.0022(4) 

0.17(13) 

2 

6 

A 

0.0601(0) 

0.75(0) 

-0.0027(0) 

0 . 21 ( 0 ) 

1 

6 

F 

0.0628(18) 

0.78(1) 

-0.0026(4) 

0.17(6) 

4 

7 

E 

0.0542(0) 

0.72(0) 

-0.0028(0) 

0.18(0) 

1 

7 

A 

0.0577(7) 

0.75(1) 

-0.0024(8) 

0.14(6) 

3 

7 

F 

0.0614(18) 

0.80(3) 

-0.0027(11) 

0 . 12 ( 6 ) 

7 

8 

E 

0.0482(53) 

0.72(10) 

-0.0029(7) 

0.15(3) 

3 

8 

A 

0.0536(8) 

0.68(3) 

-0.0031(1) 

0.18(3) 

2 

8 

F 

0.0589(25) 

0.79(8) 

-0.0025(7) 

0.16(6) 

8 

9 

E 

0.0494(31) 

0.75(16) 

-0.0029(9) 

0.19(11) 

3 

9 

A 

0.0547(54) 

0.78(15) 

-0.0038(19) 

0.06(19) 

3 

9 

F 

0.0561(29) 

0.80(10) 

-0.0028(6) 

0.19(7) 

9 


Standard deviations are given in parentheses in units of the last digit quoted. 


a Widths and shifts correspond to half width and pressure-induced shift coefficients. The 
units are cm " 1 atm ’ 1 at 296 K. 

b The temperature dependence exponents of half widths (ti\) are unitless. 
c The temperature dependence coefficients of air-shifts (S') are in cm " 1 atm " 1 K’ 1 . 
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Table 3 

Off-diagonal relaxation matrix element (ORME) coefficients measured for air- 
broadening in the V 4 band of 12 CH 4 


Mixing 

pair(s) 

Assignments 

v(cm"‘) 

ORME Coefficients 
(cm 1 atm" 1 at 296 K) 

P( 1 8) F 

17F2 10< — 1 8F1 4 
17F1 9<— 18F2 5 

1159.8003 

1160.3022 

0.0336(12) 

P(17) F 

16F2 9< — 17F1 5 
16F1 9<— 17F2 4 

1170.4309 

1171.5078 

0.0384(10) 

P( 1 6) F 

15F1 9<— 16F2 4 
15F2 8< — 16F1 4 

1180.9714 

1182.1047 

0.0300(5) 

P( 1 6) F 

15F2 9<— 16F1 3 
15F1 10<— 16F2 3 

1190.2366 

1191.4300 

0.0138(8) 

P( 1 5) E 
P( 1 6) E 

15E 6<— 16E 3 
16E 7<— 17E 2 

1181.5285 

1181.7764 

0.0049(3) 

P(15) F 

14F1 8<— 15F2 4 
14F2 8< — 15F1 4 

1191.4770 

1192.0694 

0.0304(2) 

P(15) A 

14A1 3<— 15A2 2 
14A2 3<— 15A1 1 

1190.9732 

1192.8280 

0.0302(4) 

P( 14) F 

13F1 7<— 14F2 4 
13F2 8<— 14F1 3 

1201.1321 

1202.4211 

0.0264(2) 

P( 14(F) 

13F1 8<— 14F2 3 
13F2 9<— 14F1 2 

1207.8332 

1210.7839 

0.0152(5) 

P(13) F 

12F2 7< — 13F1 4 
12F1 7<— 13F2 3 

1210.6728 

1211.9958 

0.0329(2) 

P(13) F 

12F1 8<— 13F2 2 
12F2 8< — 13F1 3 

1217.6267 

1218.6270 

0.0073(1) 

P( 1 2) F 

11F2 6«— 12F1 3 
1 IF 1 7<— 12F2 3 

1220.1905 

1220.8588 

0.0243(1) 

P( 1 2) F 

11F2 7<— 12F1 2 
1 IF 1 9<— 12F2 1 

1229.4575 

1230.0849 

0.0031(0) 

P( 1 2) A 

11A2 2<— 12A1 2 
11A1 3<— 12A2 1 

1219.6488 

1221.8799 

0.0261(1) 

P(1 1) F 

10F2 6< — 1 1F1 3 
10F1 6<— 11F2 3 

1228.7926 

1230.2891 

0.0287(1) 

P(10)F 

9F1 5<— 10F2 3 
9F2 6<— 10F1 2 

1238.2721 

1238.7119 

0.0225(1) 

P(12) F 
P(1 1) F 

11F2 8< — 12F1 1 
10F1 7<— 11F2 2 

1235.9535 

1236.4262 

0.0019(0) 

P(12)A 
P(1 1)A 

11A2 3<— 12A1 1 
10A1 3<— 11A2 1 

1236.0086 

1237.0204 

0.0056(0) 

P(12)E 
P(1 1)E 

11E 6<— 12E 1 
10E 5<— 11E 1 

1235.9249 

1236.0293 

0.0009(1) 

P(9) A 

8A1 2<— 9A2 1 
8A2 2<— 9A1 1 

1245.2197 

1247.8232 

0.0235(1) 

P(9) F 

8F1 5<— 9F2 2 
8F2 5<— 9F1 3 

1245.7692 

1246.4526 

0.0175(0) 




P(8) F 

7F1 5<— 8F2 2 
7F2 4<— 8F1 2 

1253.3491 

1255.0003 

0.0257( 1) 

P(8) F 

7F1 5<— 8F2 2 
7F1 6<— 8F2 1 

1253.3491 

1256.6018 

0.0015(1) 

P(7) F 

6F2 4<— 7F1 2 
6F1 4<— 7F2 2 

1260.8111 

1262.2285 

0.0100(1) 

P(6) F 

5F2 4<— 6F1 1 
5F1 3<— 6F2 2 

1268.3678 

1268.9763 

0.0101(1) 

P(6) A 

5A2 2<— 6A1 1 
5A1 1<— 6A2 1 

1267.8224 

1270.7851 

0.0136(1) 

P(5)F 

4F2 3<— 5F1 2 
4F1 3<— 5F2 1 

1275.0417 

1276.8444 

0.0067(0) 

P(4) F 

3F1 3<— 4F2 1 
3F2 2<— 4F1 1 

1281.6106 

1282.9842 

0.0039(1) 

P(3) F 

2F1 2<— 3F2 1 
2F2 2<— 3F1 1 

1288.4571 

1288.9510 

0.0036(0) 

R(3) F 

4F1 1<— 3F2 1 
4F2 1 < — 3F 1 1 

1327.2568 

1327.4098 

0.0058(0) 

R(4) F 

5F1 1<— 4F2 1 
5F2 1<— 4F1 1 

1332.0853 

1332.5468 

0.0071(0) 

R(5) F 

6F2 1 < — 5F 1 2 
6F2 2<— 5F1 1 

1336.9599 

1337.8238 

0.0080(1) 

R(5) F 

6F2 1 < — 5F 1 2 
6F1 1<— 5F2 1 

1336.9599 

1337.5950 

0.0050(1) 

R(6) A 

7A2 1<— 6A1 1 
7A1 1<— 6A2 1 

1341.6220 

1342.6545 

0.0198(0) 

R(6) F 

7F2 1 < — 6F 1 1 
7F1 1<— 6F2 2 

1341.7781 

1341.9590 

0.0108(0) 

R(7) F 

8F2 1 < — 7F 1 2 
8F1 2<— 7F2 1 

1346.3301 

1347.9215 

0.0101(0) 

R(7) F 

8F1 1<— 7F2 2 
8F1 2<— 7F2 1 

1346.9396 

1347.9215 

0.0144(1) 

R(7) F 

8F1 1<— 7F2 2 
8F2 2<— 7F1 1 

1346.7396 

1348.0417 

0.0018(0) 

R(8) F 

9F1 1<— 8F2 2 
9F2 1 < — 8F 1 2 

1350.9170 

1351.3855 

0.0143(1) 

R(8) F 

9F1 1<— 8F2 2 
9F2 2<— 8F1 1 

1350.9170 

1353.0749 

0.0118(5) 

R(8) E 

9E 1<— 8E 2 
9E 2<— 8E 1 

1351.0234 

1353.0258 

0.0136(7) 

R(9) A 

10A1 1<— 9A2 1 
10A2 1^— 9A1 1 

1355.3441 

1356.0536 

0.0221( 1) 

R(9) F 

10F1 1<— 9F2 2 
10F2 1< — 9F1 3 

1355.4730 

1355.6393 

0.0144(1) 

R(9) F 

10F1 1<— 9F2 2 
10F2 2<— 9F1 2 

1355.4730 

1356.4868 

0.0079(2) 

R(10) F 

1 IF 1 1<— 10F2 3 
11F2 1 < — 1 OF 1 2 

1359.8229 

1360.1572 

0.0182(1) 

R(10) F 

1 IF 1 1<— 10F2 3 
1 IF 1 2<— 10F2 2 

1359.8229 

1361.3611 

0.0034(0) 




R(1 1) F 

12F2 1< — 1 1F1 3 
12F1 1<— 11F2 3 

1364.2012 

1364.5391 

0.0229(1) 

R(12) F 

13F1 2<— 12F2 2 
13F1 3<— 12F2 1 

1369.5495 

1370.8559 

0.0103(2) 

R(13 ) F 

14F2 1< — 13F1 4 
14F1 1< — 13F2 3 

1372.7749 

1373.0266 

0.0249(2) 

R(13 ) F 

14F2 1< — 13F1 4 
14F2 2< — 13F1 3 

1372.7749 

1374.1958 

0.0063(1) 

R(14) F 

15F1 1<— 14F2 4 
15F2 1 < — 1 4F 1 3 

1377.0073 

1377.2466 

0.0286(1) 

R(15) A 

16A1 1<— 15A2 2 
16A2 1<— 15A1 1 

1381.1580 

1381.4932 

0.0307(1) 

R(15) F 

16F1 1< — 15F2 4 
16F2 1< — 15F1 4 

1381.2355 

1381.3346 

0.0266(1) 

R( 15) F 

16F1 1< — 15F2 4 
16F2 2< — 15F1 3 

1381.2355 

1382.2457 

0.0306(7) 

R(16) F 

17F1 1<— 16F2 4 
17F2 1 < — 1 6F 1 4 

1385.3496 

1385.5338 

0.0317(2) 

R(18) F 

19F2 1< — 18F1 4 
19F1 1< — 18F2 5 

1393.6130 

1393.6871 

0.0286(6) 

R(18) A 

19A2 1<— 18A1 2 
19A1 1<— 18A2 2 

1393.5545 

1393.8075 

0.0343(6) 


Values in parentheses are standard error in units of the last digit quoted. 




Table(s) 


Appendix 

Measured spectral line parameters for air-broadening in the methane V4 band sorted by | m 


width' 


|m| 

AJ 

vb 

j' 

C’ 

n' 

J” 

C" 

n” 

Position 3 

Air width” 

temp dep 

Air shift” 

shift temp dep d 

1 

R 

3 

1 

A2 

1 

0 

A1 

1 

1311. 431 56( 1) 

0.0547( 0) 

0.70( 0) 

-0.0027( 0) 

0.000016( 0) 

2 

R 

3 

2 

F2 

1 

1 

FI 

1 

131 6.827 1 5( 1) 

0.0625( 0) 

0.82( 0) 

-0.0014( 0) 

0.000012( 0) 

3 

R 

3 

3 

E 

1 

2 

E 

1 

1 322.1 5407( 1) 

0.0560( 1) 

0.80( 0) 

-0.001 6( 0) 

0.000016( 1) 

3 

R 

3 

3 

FI 

1 

2 

F2 

1 

1322.08525( 1) 

0.0650( 0) 

0.84( 0) 

-0.001 6( 0) 

0.000004( 1) 

3 

Q 

3 

3 

FI 

3 

3 

F2 

1 

1323.51382( 6)* 

0.0703( 3) 

0.97( 3) 

-0.0050( 3) 

-0.000050( 7) 

3 

P 

3 

2 

A1 

1 

3 

A2 

1 

1287.81 333( 1) 

0.0608( 0) 

0.77( 0) 

-0.0029( 0) 

0.000023( 0) 

3 

P 

3 

2 

FI 

2 

3 

F2 

1 

1288.45706( 1) 

0.0660( 0) 

0.83( 0) 

-0.0022( 0) 

0.000023( 0) 

3 

P 

3 

2 

F2 

2 

3 

FI 

1 

1 288.951 03( 1) 

0.0668( 0) 

0.84( 0) 

-0.0023( 0) 

0.000022( 0) 

4 

R 

3 

4 

A1 

1 

3 

A2 

1 

1327.07420( 0) 

0.0582( 0) 

0.76( 0) 

-0.001 7( 0) 

-0.000003( 0) 

4 

R 

3 

4 

FI 

1 

3 

F2 

1 

1327.25683( 0) 

0.0664( 1) 

0.80( 0) 

-0.001 3( 0) 

0.000010( 1) 

4 

R 

3 

4 

F2 

1 

3 

FI 

1 

1327.40989( 1) 

0.0668( 0) 

0.86( 0) 

-0.001 7( 0) 

0.000031( 1) 

4 

R 

3 

4 

F2 

3 

3 

FI 

1 

1369.30463( 5)* 

0.0691 ( 8) 

1.47( 6) 



4 

Q 

3 

4 

E 

2 

4 

E 

1 

1327.74760(11)* 

0.0772( 3) 

1.52( 3) 

0.0003( 4) 

-0.000044(12) 

4 

P 

3 

3 

A2 

1 

4 

A1 

1 

1283.45880( 0) 

0.0636( 0) 

0.79( 0) 

-0.0025( 0) 

0.000014( 0) 

4 

P 

3 

3 

E 

2 

4 

E 

1 

1282.62455( 1) 

0.0583( 0) 

0.77( 0) 

-0.0034( 0) 

0.000018( 0) 

4 

P 

3 

3 

FI 

3 

4 

F2 

1 

1 281 .61 059( 0) 

0.0621 ( 0) 

0.75( 0) 

-0.0030( 0) 

0.000015( 0) 

4 

P 

3 

3 

F2 

2 

4 

FI 

1 

1 282.9841 6( 1) 

0.0672( 0) 

0.83( 0) 

-0.0031 ( 0) 

0.000017( 0) 

5 

R 

3 

5 

A2 

1 

4 

A1 

1 

1332.721 14( 0) 

0.0593( 0) 

0.81 ( 0) 

-0.0020( 0) 

0.000025( 0) 

5 

R 

3 

5 

A2 

2 

4 

A1 

1 

1382.99403( 2)* 

0.0785( 2) 




5 

R 

3 

5 

E 

1 

4 

E 

1 

1332.42483( 1) 

0.0541 ( 0) 

0.74( 0) 

-0.0022( 0) 

0.000009( 1) 

5 

R 

3 

5 

FI 

1 

4 

F2 

1 

1332.08528( 0) 

0.0621 ( 0) 

0.77( 0) 

-0.0014( 0) 

0.000003( 0) 

5 

R 

3 

5 

F2 

1 

4 

FI 

1 

1332.54677( 0) 

0.0669( 0) 

0.82( 0) 

-0.001 9( 0) 

0.000001( 1) 

5 

Q 

3 

5 

FI 

3 

5 

F2 

1 

1331 ,78510( 2)* 

0.0693( 2) 

1.90( 2) 

-0.0022( 1) 

0.000022( 6) 

5 

Q 

3 

5 

FI 

4 

5 

F2 

1 

1334.19433( 6)* 

0.0591 ( 6) 




5 

Q 

3 

5 

F2 

4 

5 

FI 

2 

1 33 1 . 1 7033( 9)* 

0.0649(10) 

1.21(10) 



5 

Q 

3 

5 

F2 

4 

5 

FI 

1 

1331 ,18482( 4)* 

0.0713( 4) 

1 .21 ( 4) 

-0.0053( 3) 

0.000046( 9) 

5 

P 

3 

4 

E 

1 

5 

E 

1 

1252.23842( 3)* 

0.0756( 4) 

1.22( 3) 

-0.0031 ( 4) 

-0.000008( 9) 

5 

P 

3 

4 

FI 

6 

5 

F2 

4 

1267.21035(11) 

0.0631 ( 5) 

1.33( 8) 

-0.0024( 5) 

-0.000031(22) 

5 

P 

3 

4 

FI 

3 

5 

F2 

1 

1276.84437( 1) 

0.0657( 0) 

0.84( 0) 

-0.0027( 0) 

0.000018( 1) 

5 

P 

3 

4 

F2 

2 

5 

FI 

2 

1251 ,86827( 7)* 

0.0744( 6) 

0.90( 4) 



5 

P 

3 

4 

F2 

3 

5 

FI 

2 

1 275.041 73( 1) 

0.0620( 0) 

0.78( 0) 

-0.0024( 0) 

0.000015( 0) 

5 

P 

3 

4 

F2 

4 

5 

FI 

1 

1277.47337( 1) 

0.0634( 0) 

0.82( 0) 

-0.0027( 0) 

0.000019( 0) 

6 

R 

3 

6 

E 

1 

5 

E 

1 

1337.05908( 1) 

0.0535( 0) 

0.72( 0) 

-0.001 9( 0) 

0.000007( 1) 

6 

R 

3 

6 

FI 

1 

5 

F2 

1 

1337.59498( 1) 

0.0639( 0) 

0.79( 0) 

-0.0022( 0) 

0.000013( 1) 

6 

R 

3 

6 

F2 

2 

5 

FI 

1 

1 337.82381 ( 1) 

0.0605( 0) 

0.77( 0) 

-0.0023( 0) 

0.000010( 1) 

6 

R 

3 

6 

F2 

4 

5 

FI 

1 

1396.86559( 4)* 

0.0765( 5) 

0.98( 3) 

-0.0062( 5) 

0.000032(11) 

6 

Q 

3 

6 

A1 

2 

6 

A2 

1 

1336.56186( 1)* 

0.0682( 1) 

0.97( 1) 

-0.0032( 1) 

0.000002( 3) 

6 

R 

3 

6 

F2 

1 

5 

FI 

2 

1336.95994( 1)* 

0.0613( 0) 

0.77( 0) 

-0.0014( 0) 

0.000002( 1) 

6 

Q 

3 

6 

E 

3 

6 

E 

1 

1334.90664( 3)* 

0.0733( 2) 

1.05( 2) 

-0.0037( 2) 

-0.000002( 4) 

6 

Q 

3 

6 

FI 

4 

6 

F2 

2 

1335.45687( 5)* 

0.0684( 5) 

1.02( 4) 



6 

Q 

3 

6 

FI 

4 

6 

F2 

1 

1335.47787( 2)* 

0.0674( 2) 

1.07( 1) 

-0.0054( 1) 


6 

Q 

3 

6 

F2 

4 

6 

FI 

1 

1334.04853( 5)* 

0.0634( 4) 

1.06( 3) 

-0.0046( 4) 

0.000010( 9) 

6 

P 

3 

5 

A1 

1 

6 

A2 

1 

1270.78509( 0) 

0.0601 ( 0) 

0.75( 0) 

-0.0027( 0) 

0.000021( 0) 

6 

P 

3 

5 

A2 

1 

6 

A1 

1 

1217.54864( 8)* 

0.0722( 7) 

1.08( 6) 

0.0034( 7) 

0.000031(17) 

6 

P 

3 

5 

E 

3 

6 

E 

1 

1271 ,58947( 1) 

0.0589( 0) 

0.73( 0) 

-0.0024( 0) 

0.000026( 1) 

6 

P 

3 

5 

FI 

2 

6 

F2 

2 

1240.56954( 3)* 

0.0676( 2) 

1.1 6( 2) 

-0.0022( 2) 

0.000003( 7) 

6 

P 

3 

5 

FI 

3 

6 

F2 

2 

1268.97630( 1) 

0.0643( 0) 

0.79( 0) 

-0.0030( 0) 

0.000023( 1) 

6 

P 

3 

5 

FI 

4 

6 

F2 

1 

1271 ,40695( 1) 

0.0623( 0) 

0.77( 0) 

-0.0028( 0) 

0.000020( 1) 

6 

P 

3 

5 

F2 

2 

6 

FI 

1 

1239.97057( 5)* 

0.0714( 5) 

1.04( 5) 

0.0020( 5) 

0.000032(15) 

6 

P 

3 

5 

F2 

4 

6 

FI 

1 

1268.36784( 1) 

0.0622( 0) 

0.78( 0) 

-0.0029( 0) 

0.000014( 1) 

7 

R 

3 

7 

A1 

1 

6 

A2 

1 

1342.65445( 0) 

0.0571 ( 0) 


-0.0022( 0) 

0.000021( 1) 

7 

R 

3 

7 

A1 

2 

6 

A2 

1 

1376.8061 1( 2)* 

0.0683( 1) 

1.07( 1) 

-0.001 7( 1) 

0.000013( 2) 

7 

R 

3 

7 

A2 

1 

6 

A1 

1 

1341 ,62204( 0) 

0.0584( 0) 

0.75(0) 

-0.001 7( 0) 

0.00001 0( 0) 

7 

R 

3 

7 

E 

1 

6 

E 

1 

1 342.94 542( 1) 

0.0542( 0) 

0.72( 0) 

-0.0028( 0) 

0.000018( 1) 

7 

R 

3 

7 

FI 

1 

6 

F2 

2 

1341.95897( 1) 

0.0642( 0) 

0.78( 0) 

-0.001 7( 0) 

0.000017( 0) 

7 

R 

3 

7 

FI 

2 

6 

F2 

1 

1342.87317( 1) 

0.0616( 0) 

0.76( 0) 

-0.0030( 0) 

0.000020( 1) 

7 

R 

3 

7 

FI 

4 

6 

F2 

1 

1377.72186( 4)* 

0.0671 ( 2) 


-0.0081 ( 3) 

0.000043( 6) 

7 

R 

3 

7 

FI 

5 

6 

F2 

2 

1410.23866( If 

0.0687( 6) 

0.94( 6) 

-0.0031 ( 7) 

0.000097(16) 

7 

R 

3 

7 

FI 

5 

6 

F2 

1 

1410.26073( 5)* 

0.0768( 5) 

0.90( 4) 

-0.0082( 6) 

-0.000012(14) 

7 

R 

3 

7 

F2 

1 

6 

FI 

1 

1341.77807( 1) 

0.0615( 0) 

0.80( 0) 

-0.0009( 0) 

0.000002( 2) 

7 

R 

3 

7 

F2 

4 

6 

FI 

1 

141 1 ,86405( 8)* 

0.0667( 7) 

0.85( 7) 

-0.0022( 7) 

-0.000005(18) 

7 

Q 

3 

7 

A1 

1 

7 

A2 

1 

1269.42019( 4)* 

0.0662( 3) 

0.98( 2) 

-0.0005( 3) 

-0.000002( 6) 

7 

Q 

3 

7 

E 

1 

7 

E 

1 

1269.68942(10)* 

0.0853(11) 




7 

Q 

3 

7 

E 

3 

7 

E 

1 

1337.44032( 4)* 

0.0834( 9) 




7 

Q 

3 

7 

FI 

2 

7 

F2 

2 

1269.62485( 6)* 

0.0665( 6) 




7 

Q 

3 

7 

F2 

4 

7 

FI 

1 

1338.68219( 2)* 

0.0686( 1) 

1 . 1 2( 1) 

-0.0057( 1) 

0.000040( 3) 

7 

P 

3 

6 

A1 

2 

7 

A2 

1 

1263.32741( 1) 

0.0577( 0) 

0.74( 0) 

-0.0033( 0) 

0.00001 1( 1) 



7 

P 

3 

6 

E 

3 

7 

E 

1 

1261 ,64995( 1) 

0.0466( 0) 

0.70( 0) 

-0.0051 ( 0) 

7 

P 

3 

6 

E 

2 

7 

E 

1 

1228.1 1450( 4)* 

0.0730( 3) 

1.03( 3) 

-0.0003( 3) 

7 

P 

3 

6 

FI 

2 

7 

F2 

2 

1228.30451 ( 2)* 

0.0673( 2) 

1.07( 2) 

0.0014( 2) 

7 

P 

3 

6 

FI 

3 

7 

F2 

2 

1231. 77481 ( 7)* 

0.0678( 5) 

0.97( 4) 


7 

P 

3 

6 

FI 

4 

7 

F2 

2 

1262.22848( 1) 

0.0632( 0) 

0.81( 0) 

-0.0037( 0) 

7 

P 

3 

6 

FI 

5 

7 

F2 

1 

1265.37370( 1) 

0.0605( 0) 

0.85( 0) 

-0.0024( 0) 

7 

P 

3 

6 

F2 

2 

7 

FI 

2 

1201 ,77017( 5)* 

0.07 1 3( 6) 

1.08( 5) 


7 

P 

3 

6 

F2 

3 

7 

FI 

2 

1232.40829( 4)* 

0.0667( 5) 

0.89( 4) 


7 

P 

3 

6 

F2 

4 

7 

FI 

2 

1260.81 1 10( 1) 

0.0604( 0) 

0.83( 0) 

-0.0032( 0) 

7 

P 

3 

6 

F2 

5 

7 

FI 

1 

1265.68666( 1) 

0.0586( 0) 

0.80( 0) 

-0.0038( 0) 

8 

R 

3 

8 

A1 

1 

7 

A2 

1 

1 347.05431 ( 1) 

0.0541 ( 0) 

0.70( 0) 

-0.0030( 0) 

8 

R 

3 

8 

A1 

2 

7 

A2 

1 

1422.93849( 2)* 

0.07 1 5( 1) 

1.02( 1) 

-0.0072( 1) 

8 

R 

3 

8 

E 

1 

7 

E 

1 

1346.57552( 1) 

0.0433( 0) 

0.61( 0) 

-0.0022( 0) 

8 

R 

3 

8 

E 

4 

7 

E 

1 

1427.63071 ( 5)* 

0.0756( 4) 



8 

R 

3 

8 

FI 

1 

7 

F2 

2 

1346.73962( 1) 

0.0628( 0) 

0.77( 0) 

-0.001 9( 0) 

8 

R 

3 

8 

FI 

2 

7 

F2 

1 

1347.92147( 1) 

0.0590( 0) 

0.75( 0) 

-0.0028( 0) 

8 

R 

3 

8 

FI 
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14 

E 

3 

1201 ,64092( 1) 

0.0265( 

0) 

0.75( 1) 

-0.0042( 

0) 

0.000021 ( 1) 

14 

P 

3 

13 

E 

6 

14 

E 

2 

1210.07726( 1) 

0.0413( 

1) 

0.88( 1) 

-0.0043( 

0) 

0.000025( 1) 

14 

P 

3 

13 

FI 

7 

14 

F2 

4 

1 201 .1 3208( 1) 

0.0521 ( 

0) 

1.06( 1) 

-0.0025( 

0) 

0.000004( 1) 

14 

P 

3 

13 

FI 

8 

14 

F2 

3 

1207.83322( 1) 

0.0520( 

0) 

1.02( 1) 

-0.0033( 

0) 

0.000022( 1) 

14 

P 

3 

13 

FI 

9 

14 

F2 

2 

121 6.62981 1) 

0.0407( 

0) 

0.89( 1) 

-0.0030( 

0) 

0.000027( 1) 

14 

P 

3 

14 

FI 

11 

15 

F2 

1 

1217.98304( 2) 

0.0307( 

1) 

0.88( 3) 

-0.0036( 

1) 

0.00001 0( 4) 

14 

P 

3 

13 

FI 

10 

14 

F2 

1 

1223.99463( 1) 

0.0273( 

1) 

0.05( 3) 

-0.0044( 

1) 

-0.000073( 4) 

14 

P 

3 

13 

F2 

8 

14 

FI 

3 

1202.42108( 1) 

0.051 1 ( 

0) 

1.07( 1) 

-0.0033( 

0) 

0.000025( 1) 

14 

P 

3 

13 

F2 

9 

14 

FI 

2 

1210.78397( 1) 

0.0505( 

0) 

0.98( 1) 

-0.0042( 

0) 

0.000027( 1) 

14 

P 

3 

13 

F2 

10 

14 

FI 

1 

1216.32898( 1) 

0.0459( 

1) 

0.98( 1) 

-0.0025( 

0) 

0.000026( 2) 

15 

R 

3 

15 

A1 

2 

14 

A2 

1 

1443.67612( 4)* 

0.0390( 

1) 

0.90( 4) 

-0.0065( 

2) 

0.000042( 6) 

15 

R 

3 

15 

A2 

1 

14 

A1 

1 

1378.82657( 1) 

0.0400( 

0) 

0.86( 1) 

-0.0037( 

0) 

0.000026( 1) 

15 

R 

3 

15 

E 

2 

14 

E 

2 

1378.50822( 1) 

0.0395( 

1) 

0.90( 1) 

-0.0040( 

1) 

0.000032( 2) 

15 

R 

3 

15 

E 

4 

14 

E 

1 

1443.77905( 9)* 

0.0401 ( 

4) 

1.12(10) 

-0.0070( 

4) 

-0.000022(16) 

15 

R 

3 

15 

FI 

1 

14 

F2 

4 

1377.00730( 1) 

0.0506( 

1) 

1.05( 1) 

-0.001 9( 

1) 

0.000006( 2) 

15 

R 

3 

15 

FI 

2 

14 

F2 

3 

1377.93562( 1) 

0.0498( 

1) 

0.99( 1) 

-0.001 0( 

0) 

0.000005( 2) 

15 

R 

3 

15 

FI 

3 

14 

F2 

2 

1380.26494( 1) 

0.0395( 

1) 

0.90( 1) 

-0.0048( 

0) 

0.000041 ( 2) 

15 

R 

3 

15 

FI 

6 

14 

F2 

1 

1443.74437( 6)* 

0.0384( 

3) 

1.03( 7) 

-0.0062( 

3) 

-0.000032(11) 

15 

R 

3 

15 

F2 

1 

14 

FI 

3 

1377.24665( 1) 

0.0495( 

1) 

1 .1 1( 1) 

-0.001 7( 

1) 

0.000023( 2) 

15 

R 

3 

15 

F2 

2 

14 

FI 

2 

1 378.631 77( 1) 

0.0485( 

1) 

0.96( 1) 

-0.0041 ( 

0) 

0.000029( 2) 

15 

R 

3 

15 

F2 

3 

14 

FI 

1 

1380.20769( 1) 

0.0446( 

1) 

0.88( 1) 

-0.0031 ( 

1) 

0.000029( 2) 

15 

Q 

3 

15 

A1 

2 

15 

A2 

1 

1287.63784( 3) 

0.0367( 

1) 


-0.0041 ( 

1) 


15 

Q 

3 

15 

F2 

4 

15 

FI 

1 

1275.94654( 3) 

0.0231 ( 

1) 

0.89( 3) 

-0.0039( 

1) 

0.000030( 3) 

15 

Q 

3 

15 

E 

4 

15 

E 

1 

1287.72300( 5) 

0.0424( 

7) 


-0.001 8( 

6) 


15 

Q 

3 

15 

FI 

6 

15 

F2 

2 

1287.69425( 4) 

0.0407( 

4) 


-0.0030( 

3) 


15 

P 

3 

14 

A1 

3 

15 

A2 

2 

1 190.97320( 1) 

0.0518( 

1) 

0.95( 1) 

-0.0025( 

1) 

0.000012( 1) 

15 

P 

3 

14 

A1 

4 

15 

A2 

1 

121 0.0061 3( 1) 

0.0352( 

0) 

0.74( 1) 

-0.0033( 

0) 

0.00001 8( 1) 

15 

P 

3 

14 

A2 

3 

15 

A1 

1 

1 192.82798( 1) 

0.0501 ( 

1) 

0.93( 1) 

-0.0039( 

0) 

0.000031 ( 1) 

15 

P 

3 

14 

E 

6 

15 

E 

2 

1 1 99.691 99( 1) 

0.0429( 

1) 

0.98( 1) 

-0.0037( 

1) 

0.00001 9( 2) 

15 

P 

3 

14 

E 

7 

15 

E 

1 

1209.69452( 1) 

0.0416( 

1) 

0.96( 1) 

-0.0022( 

1) 

0.00001 6( 2) 

15 

P 

3 

14 

FI 

8 

15 

F2 

4 

1191 ,47705( 1) 

0.0512( 

1) 

1.00( 1) 

-0.0042( 

1) 


15 

P 

3 

14 

FI 

9 

15 

F2 

3 

1202.72385( 1) 

0.0515( 

1) 

1.06( 1) 

-0.0042( 

0) 

0.00001 9( 2) 

15 

P 

3 

14 

FI 

10 

15 

F2 

2 

1 209.80531 ( 1) 

0.0414( 

1) 

0.92( 1) 

-0.0030( 

0) 

0.00001 6( 1) 

15 

P 

3 

14 

F2 

8 

15 

FI 

4 

1 192.06946( 1) 

0.0514( 

1) 

1.00( 1) 

-0.0037( 

1) 

0.00003( 2) 

15 

P 

3 

14 

F2 

9 

15 

FI 

3 

11 98.99851 ( 1) 

0.0527( 

1) 

1.04( 1) 

-0.0025( 

0) 

0.000021 ( 2) 

15 

P 

3 

14 

F2 

10 

15 

FI 

2 

1204.03298( 1) 

0.0434( 

0) 

0.95( 1) 

-0.0038( 

0) 

0.00001 6( 1) 

15 

P 

3 

14 

F2 

11 

15 

FI 

1 

1217.99560( 2) 

0.0290( 

1) 

0.83( 3) 

-0.0050( 

1) 

0.000045( 3) 

16 

R 

3 

16 

A1 

1 

15 

A2 

2 

1 381 .1 5798( 1) 

0.0499( 

1) 

1.05( 1) 

-0.001 8( 

1) 


16 

R 

3 

16 

A1 

2 

15 

A2 

1 

1 384.96581 ( 1) 

0.0343( 

1) 

0.82( 2) 

-0.0049( 

1) 

0.000022( 2) 

16 

R 

3 

16 

A1 

3 

15 

A2 

1 

1460.06905(10)* 

0.0544( 

5) 

1.51(10) 

-0.01 05( 

5) 

0.000107(24) 

16 

R 

3 

16 

A2 

1 

15 

A1 

1 

1381.49377( 1) 

0.0464( 

1) 

1.10( 1) 

-0.0022( 

1) 

0.000033( 2) 

16 

R 

3 

16 

E 

1 

15 

E 

2 

1382.30048( 2) 

0.0402( 

1) 

0.92( 2) 

-0.0028( 

1) 

0.000021( 2) 

16 

R 

3 

16 

E 

2 

15 

E 

1 

1384.91296( 3) 

0.0420( 

2) 

0.78( 4) 

-0.0022( 

2) 

0.000042( 7) 

16 

R 

3 

16 

E 

4 

15 

E 

1 

1459.47957(13)* 

0.0365( 

8) 





16 

R 

3 

16 

FI 

1 

15 

F2 

4 

1381. 23551 ( 2) 

0.0502( 

1) 

1.01( 2) 

-0.0030( 

1) 

-0.000007( 3) 

16 

R 

3 

16 

FI 

2 

15 

F2 

3 

1 383.0521 6( 2) 

0.0503( 

2) 

1.32( 4) 

-0.0012( 

2) 

0.000014( 8) 

16 

R 

3 

16 

FI 

3 

15 

F2 

2 

1 384.931 33( 2) 

0.0420( 

2) 

0.77( 4) 

-0.0053( 

2) 

-0.000005( 6) 

16 

R 

3 

16 

FI 

4 

15 

F2 

1 

1 387.9871 9( 3) 

0.0286( 

1) 

1.02( 2) 

-0.0042( 

0) 

0.000030( 2) 

16 

R 

3 

16 

FI 

6 

15 

F2 

2 

1459.65716(13)* 

0.0463( 

6) 





16 

R 

3 

16 

F2 

1 

15 

FI 

4 

1381.33457( 2) 

0.0492( 

1) 

1.10( 1) 

-0.0022( 

1) 

0.000051( 2) 

16 

R 

3 

16 

F2 

2 

15 

FI 

3 

1382.18277( 2) 

0.0498( 

1) 

1.02( 1) 

-0.0049( 

1) 

0.000028( 2) 

16 

R 

3 

16 

F2 

3 

15 

FI 

2 

1383.24573( 2) 

0.0422( 

1) 

0.86( 1) 

-0.0041 ( 

1) 

0.000027( 2) 

16 

R 

3 

16 

F2 

4 

15 

FI 

1 

1387.98933( 6) 

0.0286( 

1) 

1.02( 2) 

-0.0042( 

0) 

0.000030( 2) 

16 

Q 

3 

16 

FI 

5 

16 

F2 

1 

1 284.4751 4( 4) 

0.0366( 

1) 


-0.0036( 

2) 


16 

Q 

3 

16 

F2 

6 

16 

FI 

2 

1284.50323( 4) 

0.0396( 

2) 


-0.0028( 

2) 






6 P 3 15 A1 4 16 

6 P 3 15 A2 3 16 

6 P 3 15 A2 4 16 

6 P 3 15 E 6 16 

6 P 3 15 E 7 16 

6 P 3 15 E 8 16 

6 P 3 15 FI 9 16 

6 P 3 15 FI 10 16 

6 P 3 15 FI 11 16 

6 P 3 15 FI 12 16 

6 P 3 15 F2 8 16 

6 P 3 15 F2 9 16 

6 P 3 15 F2 10 16 

7 R 3 17 A2 1 16 

7 R 3 17 E 1 16 

7 R 3 17 E 2 16 

7 R 3 17 FI 1 16 

7 R 3 17 FI 2 16 

7 R 3 17 FI 3 16 

7 R 3 17 FI 4 16 

7 R 3 17 F2 1 16 

7 R 3 17 F2 3 16 

7 P 3 16 A1 4 17 

7 P 3 16 A2 4 17 

7 P 3 16 E 6 17 

7 P 3 16 E 7 17 

7 P 3 16 E 8 17 

7 P 3 16 FI 9 17 

7 P 3 16 FI 10 17 

7 P 3 16 FI 11 17 

7 P 3 16 FI 12 17 

7 P 3 16 F2 9 17 

7 P 3 16 F2 10 17 

7 P 3 16 F2 11 17 

7 P 3 16 F2 12 17 

7 P 3 16 F2 13 17 

8 R 3 18 A1 1 17 

8 R 3 18 E 1 17 

8 R 3 18 E 2 17 

8 R 3 18 FI 1 17 

8 R 3 18 FI 2 17 

8 R 3 18 FI 3 17 

8 R 3 18 F2 1 17 

8 R 3 18 F2 2 17 

8 R 3 18 F2 3 17 

8 P 3 17 A1 3 18 

8 P 3 17 A2 4 18 

8 P 3 17 A2 5 18 

8 P 3 17 E 7 18 

8 P 3 17 E 8 18 

8 P 3 17 E 9 18 

8 P 3 17 FI 9 18 

8 P 3 17 FI 10 18 

8 P 3 17 FI 11 18 

8 P 3 17 FI 12 18 

8 P 3 17 F2 10 18 

8 P 3 17 F2 11 18 

8 P 3 17 F2 12 18 

8 P 3 17 F2 13 18 

9 R 3 19 A1 1 18 

9 R 3 19 A2 1 18 

9 R 3 19 A2 2 18 

9 R 3 19 FI 1 18 

9 R 3 19 FI 3 18 

9 R 3 19 F2 1 18 

9 R 3 19 F2 2 18 

9 R 3 19 F2 3 18 

9 P 3 18 A1 4 19 

9 P 3 18 A1 5 19 

9 P 3 18 A2 4 19 

9 P 3 18 E 8 19 

9 P 3 18 E 9 19 

9 P 3 18 FI 12 19 

9 P 3 18 FI 13 19 

9 P 3 18 F2 12 19 


A2 

1 

11 94.95651 ( 1) 

0.0503( 1) 

A1 

2 

1 188.95368( 1) 

0.0528( 1) 

A1 

1 

121 1 ,97429( 5) 

0.0357( 4) 

E 

3 

1181 ,52849( 1) 

0.0184( 0) 

E 

2 

1 196.50297( 2) 

0.0388( 1) 

E 

1 

121 1 ,96704( 5) 

0.01 93( 3) 

F2 

4 

1 1 80.971 48( 1) 

0.0505( 1) 

F2 

3 

1 191 ,43005( 2) 

0.0514( 1) 

F2 

2 

1 1 96.1 2048( 2) 

0.0464( 1) 

F2 

1 

1203.181 16( 2) 

0.0361 ( 1) 

FI 

4 

1 182.10474( 1) 

0.0497( 1) 

FI 

3 

1 190.23664( 2) 

0.0532( 1) 

FI 

2 

1203.03992( 2) 

0.0405( 1) 

A1 

2 

1 386.1 7333( 2) 

0.0495( 1) 

E 

3 

1385.44060( 2) 

0.0190( 1) 

E 

2 

1387.72409( 3) 

0.0388( 1) 

F2 

4 

1385.34958( 3) 

0.0500( 1) 

F2 

3 

1386.64263( 3) 

0.0501 ( 1) 

F2 

2 

1387.66842( 3) 

0.0460( 2) 

F2 

1 

1 389.61 530( 2) 

0.0334( 2) 

FI 

4 

1385.53375( 3) 

0.0489( 1) 

FI 

2 

1389.59400( 3) 

0.0371 ( 1) 

A2 

1 

1 184.46922( 2) 

0.0428( 1) 

A1 

1 

1 1 96.31 783( 2) 

0.0399( 1) 

E 

3 

1 170.90030( 2) 

0.0177( 1) 

E 

2 

1 181 ,77640( 3) 

0.0356( 2) 

E 

1 

1 196.44882( 4) 

0.0346( 2) 

F2 

4 

1 171 ,50789( 2) 

0.0480( 1) 

F2 

3 

1 182.74345( 2) 

0.0514( 1) 

F2 

2 

1 188.39522( 3) 

0.0477( 1) 

F2 

1 

1205.92670( 2) 

0.0275( 0) 

FI 

5 

11 70.43091 ( 2) 

0.0491 ( 1) 

FI 

4 

1 1 79.8231 5( 2) 

0.0522( 1) 

FI 

3 

1 189.00004( 3) 

0.0423( 2) 

FI 

2 

11 96.40641 ( 3) 

0.0371 ( 1) 

FI 

1 

1205.93045( 3) 

0.0275( 0) 

A2 

1 

1391.1 1546( 3) 

0.0402( 1) 

E 

3 

1389.54369( 5) 

0.021 1 ( 2) 

E 

2 

1390.78663( 6) 

0.0364( 3) 

F2 

4 

1389.65489( 3) 

0.0416( 3) 

F2 

3 

1 390.90801 ( 5) 

0.0496( 3) 

F2 

2 

1392.12258( 3) 

0.0465( 1) 

FI 

5 

1389.48096( 5) 

0.0455( 2) 

FI 

4 

1390.36205( 5) 

0.0494( 3) 

FI 

3 

1 392.1 9737( 3) 

0.041 1 ( 1) 

A2 

2 

1 160.88151( 5) 

0.0488( 2) 

A1 

2 

1 159.34992( 6) 

0.0517( 2) 

A1 

1 

1181 ,74953( 3) 

0.0355( 2) 

E 

3 

1 170.98754( 7) 

0.0386( 3) 

E 

2 

1 181 ,08650( 7) 

0.0427( 3) 

E 

1 

1 199.87443( 6) 

0.0177( 2) 

F2 

5 

1 160.30238( 8) 

0.0502( 3) 

F2 

4 

1 170.19489( 5) 

0.0530( 3) 

F2 

3 

1 1 75.807 1 2( 5) 

0.0434( 3) 

F2 

2 

1 189.71 356( 5) 

0.0338( 2) 

FI 

4 

1 159.80025( 7) 

0.0504( 3) 

FI 

3 

1 173.64698( 5) 

0.0494( 3) 

FI 

2 

1 181 .331 66( 5) 

0.0424( 2) 

FI 

1 

1 189.66338( 5) 

0.0366( 2) 

A2 

2 

1393.80746( 4) 

0.0459( 2) 

A1 

2 

1393.55446( 4) 

0.0495( 2) 

A1 

1 

1396.68695( 5) 

0.0354( 4) 

F2 

5 

1393.68706( 7) 

0.0475( 4) 

F2 

3 

1395.36504( 7) 

0.0453( 7) 

FI 

4 

1 393.61 303( 7) 

0.0494( 4) 

FI 

3 

1 395.1 5396( 7) 

0.0503( 8) 

FI 

2 

1 396.641 74( 9) 

0.041 1 ( 8) 

A2 

2 

1 159.541 14(12) 

0.0532( 5) 

A2 

1 

1 182.98600( 6) 

0.0301 ( 2) 

A1 

1 

1 164.98443(1 1 ) 

0.0539( 3) 

E 

2 

1167.54534(10) 

0.0368( 5) 

E 

1 

1182.94420(15) 

0.031 3( 8) 

F2 

3 

1173.79506(11) 

0.0404( 5) 

F2 

2 

1182.95865(12) 

0.0330( 6) 

FI 

3 

1 166.99444( 8) 

0.0471 ( 5) 


1.1 0( 1) -0.0038( 1) 0.00001 8( 2) 

0.92( 1) -0.0033( 1) 0.000014( 2) 

1.1 1( 6) 0.0003( 2) 

0.71( 2) -0.0047( 0) 0.000031( 1) 

0.95( 2) -0.0061 ( 1) 0.000022( 3) 

1.07( 1) -0.0027( 1) 0.00001 8( 3) 

0.82( 2) -0.0022( 1) 0.000006( 4) 

0.97( 1) -0.0027( 1) 0.00002( 3) 

0.86( 1) -0.003( 1) 0.00001 1( 2) 

1.06( 1) -0.0039( 1) 0.000034( 3) 

0.87( 1) -0.0036( 1) 0.000020( 3) 

0.95( 1) -0.0043( 1) 0.00001 7( 2) 

0.98( 2) -0.001 3( 1) 0.000007( 3) 

0.59( 3) -0.0024( 1) 0.000020( 2) 

0.76( 4) -0.0041 ( 1) 0.00001 9( 5) 

1.06( 2) -0.0032( 2) -0.000007( 4) 

0.86( 2) -0.0058( 1) 0.000035( 4) 

0.80( 3) -0.0061 ( 2) -0.000010( 6) 

1.05( 3) 

1.07( 2) 0.0001 ( 2) 0.000022( 4) 

0.86( 3) -0.0064( 1) 

0.88( 2) -0.0045( 1) 0.000029( 5) 

0.91( 2) -0.0035( 1) 0.000017( 3) 

0.74( 4) -0.0045( 1) 0.000013( 3) 

0.83( 5) -0.0051 ( 2) 0.000022( 7) 

0.91 ( 5) 0.001 5( 2) 

1.1 0( 3) -0.0033( 2) -0.00001 2( 7) 

0.86( 3) -0.0043( 1) 0.000015( 6) 

0.81 ( 3) -0.0029( 1) 0.000024( 5) 

0.78( 1) -0.0037( 0) 0.000028( 1) 

1.1 5( 3) -0.0038( 2) -0.000002( 7) 

1.00( 3) -0.0023( 1) 0.000034( 6) 

0.77( 3) -0.0037( 2) -0.000006( 6) 

0.83( 3) -0.0036( 1) 0.00001 ( 5) 

0.78( 1) -0.0037( 0) 0.000028( 1) 

0.87( 3) -0.0030( 1) 0.000022( 5) 

0.78( 7) -0.0027( 1) 0.000002( 6) 

0.88( 7) -0.0042( 3) 0.000031(10) 

1.25( 6) 

1.00( 5) -0.0033( 3) 0.000023(10) 

1.00( 3) -0.0041 ( 1) 0.000021( 6) 

-0.000071(10) 
1.08( 5) -0.0008( 3) 0.000008(10) 

0.99( 3) -0.0058( 1) 0.000007( 5) 

1.40( 5) -0.0037( 2) 0.000090(10) 

1.43( 5) -0.0035( 3) -0.000054(11) 

0.70( 5) -0.0038( 2) 0.000010( 8) 

0.87(12) -0.0066( 3) 0.000022(17) 

0.87(10) -0.0038( 3) 0.000032(18) 

0.67(11) -0.001 7( 2) 

1.1 3( 8) -0.0037( 4) 0.000104(17) 

1.34( 9) -0.001 3( 3) -0.000140(19) 

0.79( 7) -0.0033( 2) 0.000044(13) 

0.56( 7) -0.0037( 2) 0.000012( 9) 

1.00( 8) -0.0030( 4) -0.000039(16) 

1 .31 ( 8) -0.0033( 3) 0.000061(17) 

0.87( 7) -0.0023( 2) 0.000038(13) 

0.60( 7) -0.0033( 2) 0.000005(10) 

1.23( 5) -0.0028( 3) 0.00001 0( 8) 

1.36( 5) -0.0026( 3) -0.000015(10) 

0.96( 9) -0.0041 ( 4) 0.000047(14) 

1.44( 8) -0.0023( 6) 0.000042(13) 

0.59(14) -0.0016( 8) 0.000120(24) 

0.94( 8) -0.0008( 6) -0.000004(13) 

1.29(14) -0.0033( 9) 0.000092(30) 

1.29(16) -0.0038( 9) 0.000048(32) 

0.60(13) -0.0026( 5) 0.000035(28) 

1.00(11) -0.0039( 3) 0.000030(15) 

-0.0041 ( 4) 

0.44(32) 

0.89(21) -0.0041 ( 5) -0.000028(33) 

1.60(23) 





19 

P 

3 

18 

F2 

13 

19 

FI 

2 

1174.11090(10) 

0.0362( 4) 

0.56(20) 

-0.0035( 5) 

0.000104(28) 

20 

R 

3 

20 

FI 

2 

19 

F2 

4 

1398.63823(22) 

0.0559(24) 

0.33(40) 

0.0039( 24) 

-0.000048(86) 

20 

R 

3 

20 

FI 

5 

19 

F2 

1 

1407.27456( 7) 

0.0129( 2) 

0.91(15) 

-0.0055( 2) 

0.000047( 8) 

20 

P 

3 

19 

A1 

5 

20 

A2 

1 

1166.39921(13) 

0.0386( 7) 





a Positions are given in cm' 1 . 

b Air-broadened half width and air-shift coefficients are in units of cm" 'atm' 1 at 296 K. 
c Temperature depencence exponents of air-broadened half width coefficients are unitless. 
d Temperature dependences of air-shift coefficients are in units of cm" 1 atm" 1 K' 1 . 

Uncertainties of measured parameters are given in parentheses in units of the last digit quoted. 
* Forbidden transitions. 
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